The WNT-signaling pathway is involved in cellular and tissue functions that control such diverse processes as body axis patterning, cellular proliferation, differentiation, and life span. The long list of molecules that can participate or modify WNT signaling makes this pathway one of the most complex in cell biology. In bone tissues, WNT signaling is required for proper skeletal development, and human mutations in various components of the cascade revealed insights into pharmacologic targeting that can be harnessed to improve skeletal health. In particular, mutations in genes that code for the WNT-signaling inhibitor sclerostin or the WNT coreceptor lipoprotein receptor-related protein 5 have highlighted the potential therapeutic value of recapitulating those effects in patients with low bone mass. A constant challenge in this area is selectively modifying WNT components in the tissue of interest, as WNT has manifold effects in nearly every tissue.
Pharmacologic options for the clinical treatment of low bone mass disorders have come a long way since the early 1990s, when hormone replacement therapy and calcitonin were the main choices available to physicians. Since then, numerous Food and Drug Administration (FDA)-approved antiresorptive therapies have emerged (the bisphosphonates alendronate, risedronate, ibandronate, and zolendronate; the selective estrogen receptor modulator raloxifene; and biologic denosumab), but the development and approval of new anabolic agents, which can rebuild lost bone, has lagged behind. Currently, only 2 skeletal anabolics are clinically available (teriparatide and abaloparatide), both of which work by a common mechanism of stimulating the parathyroid hormone receptor (PTHR1). The paucity of skeletal anabolics is not a matter of simple shortsightedness, as it is likely that concerns over patient safety and the promotion of anabolic action in bone potentially affecting tumor development and growth might explain the reluctance to further develop this line of therapy.
The search for biomolecular targets that are useful in drug development is often aided by the identification of genetic mutations in humans, many of which are linked to revealing phenotypes or rare diseases. For some diseases of connective tissue, like skin or muscle, the phenotypes are obvious because they are often immediately visible. For example, mutations that cause an increase in muscle mass are immediately obvious to the patients, friends and family, and the primary physicians. Such is the case in animals (McPherron and Lee 1997; Lee and McPherron 2001) and humans (Schuelke et al. 2004 ) with lossof-function mutations in the GDF-8 gene, which encodes a negative regulator of muscle growth. Loss of GDF-8 significantly increases muscle mass, producing an obvious phenotype, and monoclonal antibodies directed against GDF-8 are currently in clinical trials to treat muscle wasting diseases (Singh et al. 2016) . Other unrelated, yet undiscovered rare mutations that cause such an increase in muscle mass would also be unlikely to go unnoticed, and the genetic basis and suitability for targeting could be very quickly revealed and developed. Thus, there is a distinct "leg up" advantage, inherent to a tissue like muscle, that facilitates uncovering anabolic targets based on the visually obvious phenotypic effects of disturbances in normal physiology. This is not the case for uncovering anabolic targets for bone, where significant changes in bone mass are not obvious and must be fortuitously discovered based on patients who happen to present clinically for other, potentially nonskeletal health issues. As such, the search for skeletal anabolic targets is at distinct disadvantage compared to tissues like muscle and skin, and it is likely that many patients with mutations that cause high bone mass (HBM) go unnoticed, undocumented, and unexplored for genetic linkage; without genetic linkage, targets are elusive. Consequently, anabolic therapy development for bone is necessarily sluggish, but chance observations have yielded significant leads. A hallmark example of the fortuitous nature of discovering anabolic mechanisms in bone has been described by the Johnson/Recker group at Creighton University in Omaha, NE. A young woman who was involved in a car accident was brought to the local hospital in Omaha and underwent routine X-rays to look for fractures. While no fractures were present, the orthopedist noticed unusually dense bones on X-ray and referred the patient to a local endocrinologist (Dr. Recker) for further investigation, where she underwent a dual-energy X-ray absorptiometry (DXA) and found to have very HBM and density. Genetic analysis of her extended family (Dr. Johnson), in conjunction with DXA scanning to reveal the presence or absence of the HBM phenotype, fueled the eventual discovery and localization of the genetic cause of HBM as a missense mutation in the low-density lipoprotein (LDL) receptor-related protein 5 (LRP5), a coreceptor for int/Wingless (WNT; Little et al. 2002) . Subsequently, other research groups identified several other families with HBM that harbored other missense mutations in LRP5 (Van Wesenbeeck et al. 2003) , and those LRP5 mutations that have been studied in mouse models all indicate that the receptor potently regulates bone formation ( Figure 1 ). If not for the vigilant eye of the orthopedist that initially referred the proband HBM patient, the WNT pathway would not have received the deluge of basic science and translational investigation that it did in the years following the LRP5 discovery; or, at the very least, the revelation of its importance in bone metabolism would have been significantly delayed. This work was a major impetus that brought the WNT field out of Drosophila and Xenopus and into the mammalian skeleton, where the pathway has undergone major mechanistic clarification. It is obvious, but worth stating, that the lack of outward "visibility" of HBM phenotypes (except for some diagnostic clues like a squared off or prominent mandible), no matter what their biochemical cause-WNT or otherwise-is a major hurdle to identifying the molecular causes of (and consequently, potential solutions to) low bone mass disease. How many other patients are walking around today with HBM, but are otherwise asymptomatic, who will never present clinically-or will present to a physician but will be overlooked for study of the genetic cause of their skeletal phenotype since it is not a source of disability?
While the search for anabolic mechanisms is slow, the foundational LRP5 work described above does highlight the potential for harnessing the WNT pathway for anabolic action in the skeleton. However, targeting is not straightforward because the WNT-signaling pathway is one of the most complex biological systems known in cell biology (Nusse and Clevers 2017) . This complexity stems from a multitude of factors including the number of proteins and accessory proteins involved in signal transduction, the number and diversity of alternative pathways, the tissue expression/selectivity of certain components, and the endogenous inhibitor milieu that suppresses signaling. To illustrate, consider Wnt signaling just at the level of the cell Figure 1 . Undecalcified, methyl-methacrylate-embedded transverse histological sections from the midshaft femur of 2 littermate male mice. The sections are unstained and were imaged under epifluorescent light filtered to excite the oxytetracycline (pale yellow), calcein (green), and alizarin (red) labels that were injected in vivo 8, 6, and 2 weeks before killing, respectively. The mouse in the upper panel is wild type for Lrp5, whereas the mouse in the lower panel carries a missense mutation in Lrp5 (Arg ! Val at amino acid 201, the mouse analog of human amino acid 214) identified in a human family that has high bone mass. The bone-seeking fluorochrome labels reveal the more rapid and extensive bone modeling activity in the Lrp5 mutant mice (note the extend of both periosteal [gold arrows] and endocortical [red arrows] surface labeling in the mutant), which ultimately leads to a thicker and broader bone cross section in the A214V knock-in mice.
membrane (and momentarily ignore intracellular components involved in Wnt generation, maturation, release, signaling downstream of activated receptors, and nuclear consequences of alterations in the pathway): There are 19 Wnts (the ligand), 10 frizzleds (one half of the c-receptor complex), and at least 2 LDL-like receptors (the other half of the coreceptor complex) in play in most mammals, and 1 member from each of these 3 components is required for a canonical Wnt signal to be transmitted. In light of the number of possible combinations of these components, each of which might have slightly to significantly different effects on the downstream signal, it is not surprising that the pathway is difficult to study experimentally. Moving beyond the cell surface, there are numerous endogenous extracellular modulators of the Wnt signal (e.g., Wnt inhibitors like secreted Frizzled-related proteins [sFrp] and Wnt inhibitor factor [Wif], Lrp5/6 inhibitors like dickkopf homolog-1 [Dkk1], and sclerostin, and some of these have tissue-selective expression). An additional layer of complexity comes from the observation that several different classes of Wnt signaling can occur, including the canonical pathway (Wnt-Fzd-Lrp5/6), the noncanonical planar cell polarity pathway (Wnt-Fzd-Ror2/Ryk), and the calcium pathway (Wnt-Fzd ! phospholipase-C (PLC)). Each of these pathways engages different downstream effectors and has different cellular and transcriptional outcomes. The breadth of WNT signaling, in conjunction with the ubiquitous or near-ubiquitous presence of the pathway in one form or another, across all tissues in the body, positions this system to be a major regulator of cellular activity and disease. WNT affects hair loss, hearing loss, vision loss, cancer, skin disease, liver disease, cognition, fertility, liver disease, and immune function, to name a few. Due to the widespread and diverse role of WNT in these and other processes, targeting WNT for therapeutic purposes has proved to be tricky at best, and to date, there are no FDA-approved WNT inhibitors for treatment of disease. For example, WNT signaling is essential for pancreatic ductal adenocarcinoma (PDAC) initiation and progression (Zhang et al. 2013) , and so an obvious therapeutic approach to treating PDAC is to inhibit WNT. Several pharmaceutical companies are conducting clinical trials with inhibitors of an enzyme (porcupine) that catalyzes a crucial posttranslational modification to WNT-palmitoylation-that is required for WNT secretion. While porcupine inhibitors might turn out to have therapeutic value for patients with PDAC, their bone-wasting effects on the skeleton are devastating (Williams 2016) , as WNT signaling is required for normal bone homeostasis. Thus, the development of WNT inhibitors to treat diseases like colorectal cancer (Novellasdemunt, Antas, and Li 2015) or type 2 diabetes (Savic et al. 2011; Tong et al. 2009 ) has significant challenges ahead due to the diverse and broad influence WNT signaling has on many organ systems.
A key to properly and safely targeting WNT for therapeutic benefit is finding and exploiting context-or cell-type-specific components of the pathway. In the skeletal biology field, such an approach has been taken to stimulate osteoanabolic action based on targeting the WNT pathway inhibitor sclerostin, the protein product of the SOST gene. Sclerostin is a potent LRP5/6 antagonist that serves as a negative regulator of bone formation (Semenov, Tamai, and He 2005) ; one can think of sclerostin as the bone equivalent of GDF-8 for muscle. Sclerostin presents a high-priority candidate for targeting in the bone field because sclerostin's expression is highly enriched in a specific cell type within the bone tissue-the osteocyte (Poole et al. 2005 ; Figure 2 ). Sclerostin expression can be detected in a few other tissues, but usually these are transient expression events that occur during development or arise as a result of disease, for example, plaque formation and calcification of the great vessels. We noted earlier that most patients with HBM probably go undetected to the health-care community, but that is not the case for patients with homozygous loss-of-function mutations in the SOST gene, which codes for sclerostin protein. These patients have even greater bone mineral density than LRP5 HBM patients (z-score upward of 10-12) and usually present clinically due to symptoms associated with bone overgrowth such as headaches due to increased intracranial pressure from the encroaching inner cranial table and loss of sensory input (taste, hearing, olfaction, and vision) from cranial nerves due to cranial nerve foramina stenosis (Gardner et al. 2005) . Beyond the health issues related to bone overgrowth, sclerosteosis patients have remarkably few associated health concerns, and there are no data suggesting that cancer incidence is increased in this patient population (though there are only *100 identified cases of sclerosteosis, so statistical confidence is low).
The similarity in phenotype between HBM patients with gain-of-function mutations in LRP5 and those with homozygous loss-of-function mutations in SOST stems from the common mechanisms that is at the root of their conditions, that is, enhanced WNT signaling in bone. In the case of LRP5 patients, the dozen or so identified missense mutations in LRP5 that cause HBM are all clustered around the central domain of the receptor's first b-propeller, which is also the locale for sclerostin interaction (Holdsworth et al. 2012; Bourhis et al. 2011) . It is likely that the amino acid substitutions in this region induce steric changes in the binding pocket for sclerostin such that sclerostin-mediated inhibition of the receptor is compromised, and tonic WNT signaling is enhanced. Thus, either the absence of sclerostin (i.e., sclerosteosis patients) or a lack of sclerostin interaction with LRP5 (i.e., LRP5 HBM patients) has the same end result: increased signaling through LRP5 (Niziolek et al. 2011) . The observation that sclerosteosis patients have a more severe HBM phenotype than LRP5 HBM patients is likely due to sclerosteosis patients presumably having tonically enhanced signaling of both LRP5 and LRP6 (sclerostin binds and inhibits both receptors), whereas LRP5 HBM patients have tonically enhanced LRP5 signaling alone, with LRP6 being susceptible to sclerostin-mediated inhibition.
The sclerosteosis and LRP5 HBM human phenotypes have prompted several members of the commercial biotech industry to develop sclerostin programs, with the goal of generating sclerostin inhibitors that can improve bone mass and strength in patients with low bone mass disorders. Although the discovery and exploitation of sclerostin as a drug target were more complicated and multifaceted than simply tracking down the genetic cause of sclerosteosis (reviewed in Paszty, Turner, and Robinson 2010) , the use of sclerostin-neutralizing antibodies in numerous animal models (Jacobsen et al. 2014; Jacobsen et al. 2016; Kedlaya et al. 2013 ) and in patients (Padhi et al. 2011) with osteoporosis has proven effective. As of this date, the FDA is formally reviewing an application for approval for romosozumab, a monoclonal antibody directed against sclerostin, for the treatment of postmenopausal osteoporosis. If approved, the skeletal biology field would have its first (and only) anabolic agent outside of the parathyroid hormone/parathyroid hormone-related protein class.
The WNT pathway is a complicated signaling apparatus that controls major components of development, growth, and aging and has manifold roles in disease initiation and progression. The vast number of proteins involved in WNT-signal transduction poses both great challenges and great opportunities for harnessing the pathway to improve quality of life and longevity. Work in the skeletal biology field nicely highlights how select components of the WNT system can be carefully targeted to achieve beneficial effects for the treatment of disease, while potentially leaving other tissues to function normally. Nevertheless, the challenges with targeting WNT are not trivial; even molecules as restricted as sclerostin can be affected in certain pathologic states and manifest in adverse events. A recent press release by Amgen, the company filing for FDA approval of the sclerostin antibody romosozumab, reported an increase in "cardiovascular serious adverse events" among patients in a phase III trial of the drug. Whether this specific compound gains approval or not, it is clear that potent osteoanabolic targets exist within the WNT pathway. Designing other strategies to safely target those mechanisms presents a challenge that becomes increasingly within reach as our understanding of this intricate pathway's nuances are refined by basic, translational, and clinical research.
